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Abstract 
Aiming to the low accuracy IMU’s initial alignment issue related to the pipeline’s geographical coordinate measuring 
system (PGC), the PGC initial alignment method is introduced. The coarse alignment is used to resolve large angle 
error at first, and then the precise alignment is done in small angle range. In the precise alignment process, the first-
order Markov process is used to separate the white noise, then the 13 dimension states equation and the measuring 
equation are built; the unscented particle kalman filtering (UPF) is used to resolve nonlinear problem that caused by 
the large attitude angle. The experiment shows that the method mentioned above can effectively improves the 
accuracy of the initial alignment in the PGC. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Harbin University 
of Science and Technology 
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1. Introduction 
The initial alignment is the key technique for the pipeline’s geographical coordinate measuring system 
(PGC). The pipeline’s position information can be afforded by the PGC, which have an important role on 
the pipeline’s maintenance. Put the detector with the inertial measuring unit (IMU) into the pipeline, and 
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the detector can be pushed by the liquid inside the pipeline. When the detector moves, the IMU’s output 
data is recorded. The strapdown inertial navigation algorithm (SINS) is used to calculate the pipeline’s 
geographic coordinates through the data. SINS is a recursive algorithm, and the initial attitude angle is 
obtained by the initial alignment. 
Currently, many scholars did researches on the initial alignment field. Some of them used the 
unscented kalman filtering (UKF) or anyother filtering to resolve the nonlinear problem of the 
alignment[1], the others used the particle filtering to improve the alignment accuracy further[2]. All the 
letters focus on the initial alignment for navigation, but none of them considered the problem about the 
PGC. The PGC’s alignment will not appear on the 90 degree latitude position in our country, and then the 
cosine matrix is used instead of the quaternion attitude matrix. The first-order Markov process is 
introduced to isolate the white noise from the colored noise. Use the UPF arithmetic to resolve the filter’s 
nonlinear problems. The experiment shows that the method can improve the precision of the alignment. 
2. Initial alignment method 
The initial alignment method has two processes: the coarse alignment and the precise alignment, the 
coarse alignment can reduce the attitude angle error to a small range, and the precise alignment can be 
used to compensate and correct the angle error further. 
2.1. The coarse alignment 
In the PGC’s initial state, initial position can be obtained by GPS. The coarse alignment calculate 
initial attitude matrix through the geographic latitude (L), the earth’s rotational speed ( Ω ), and the 
gravity (g). The east-north-upward directions are chosen as the x-y-z axes of the navigation coordinate 
system, which is denoted by the symbol ‘n’. The body coordinate system is denoted by the symbol ‘b’, 
which have the same directions as the SINS body coordinate system. The x-axes point to the right side 
direction of the body, the y-axes point to the forward direction, the z-axes point to the upward direction. 
All the calculate results are in the coordinates mentioned above, and transmitted from one to the other. 
The attitude matrix is used to complete the transition, denoted by’ nbC ’. The initial attitude matrix 
calculated by the coarse alignment denoted as nb
′C . The relation ship between nb
′C and the gyros and 
accelerators’ output signals can be expressed as: 
[ ] [ ]TTzyxnb LLC sincos0~~~ ΩΩ=′ ωωω                                                                                  (1) 
[ ] [ ]TTzyxbn gfffC 00~~~ =′                                                                                                       (2)
In the formula (1), xω~ , yω~ and zω~ are the static average values of gyros within a period time, and it is 
the same in the formula (2) for accelerators. Remove the situation that the pipeline in the Antarctic or 
Arctic, the attitude matrix can be denoted by the Cosine function method, the expressions (3), (4) and (5) 
are derived to calculate the coarse alignment attitude angle: 
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Whereθ~ is the pitch angle,γ~ is the roll angle,ϕ~ is the heading angle. Under the condition that the 
gyroscopes’ measuring errors are less than 15 deg/h, and the accelerators’ measuring errors are less than 
0.1g, the coarse alignment attitude matrix nbC
′
is calculated by the coarse alignment, it has error angles 
between the real value. The error angles consist of the transition matrix denoted as nnC
′
:
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Where xφ , yφ and zφ are the coarse alignment’s attitude angle errors, they can be derived by the precise 
alignment, then the coarse alignment’s result nbC
′
can be calibrated by expression (7) : 
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The relations between the attitude angle error, the measuring values of the gyros and the accelerators 
are as follow: 
xxx gf Δ+Δ−= /φ                                                                                                                          (8) 
yyy gf Δ+Δ= /φ                                                                                                                            (9)
zyyyz LgLf Δ+Δ+Δ+ΩΔ−= tan/tanLcos/ωφ                                                                (10)
Where xΔ , yΔ and zΔ are errors in calculating, ωΔ and fΔ are the bias of the output signals. Suppose 
xφ and yφ are level angle errors, and yφ is orientation angle error, the same bias arise different errors on 
the level angle and orientation angle, the error on the orientation angle affected by both the bias of the 
gyros and the accelerators. Within a period time, the errors can not be removed completely by average, 
the precise alignment is used to estimate the errors, and expression (7) is used to calibrate the coarse 
alignment attitude matrix. 
2.2. The precise alignment 
2.2.1. Build the error models and separate the white noise by the first-order Markov process 
Use kalman filtering for the precise alignment[3]. The filtering needs to build error models firstly. As 
the angle errors are related to the accelerators, the attitude and speed error model are need to be 
established. The attitude and speed error model are derived as: 
ωωφδωφ Δ−×+= n&                                                                                                                  (11) 
nnn vvffv δωδωφδ ×−×−Δ+×≈&                                                                                      (12)
Whereφ& is the attitude error rate of change, δω is the angle rate error, v&δ is the speed error rate of 
change, nv is speed projection in ‘n’ coordinate system, nf is acceleration projection in ‘n’ coordinate 
system. Suppose the errors as random signals. The 12 dimensions estimate state vector is confirmed as: 
],,,[X fvn ΔΔ= ωδφ                                                                                                                     (13)
Where ωΔ and fΔ are the random noise W for the state equations. Theoretically, W is Gaussian 
distribution and white, so the optimal solution is derived by the kalman filtering. But under the precise 
alignment, the sampling accuracy is high, thus the bias are often colored noise. The first-order Markov 
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process is used to separate the white noise from the random noise. Take an example of north gyroscope 
measuring error, in which the measuring error is denoted as Nε :
wbaN εεεε ++=                                                                                                                          (14)
Where aε is the first-order Markov process noise, bε is the random constant, wε is the separated white 
noise. The extended 15 dimensions state vector is: 
],,,,[X ba anv ∇= εεδφ                                                                                                                  (15)
Where a∇ is the Markov noise for the accelerator. Discrete the error model (12) and (13), and deduce 
the state equation as follows: 
kk1k W),1(X),1(X kkkk +Γ++Φ=+                                                                                            (16)
Where ),1( kk +Φ is the state transition matrix, ),1( kk +Γ is the noise matrix.  
2.2.2. Unscented particle filtering(UPF) 
At present, the solutions to resolve the nonlinear estimation are extended kalman filtering (EKF), 
unscented kalman filtering (UKF) and particle filtering. UKF use U transforms, the sigma-point is used to 
approximate the Gaussian state distribution of the mean and the variance. Because that it didn’t need to 
approximate the nonlinear model, UKF is more suitable than extended kalman filter (EKF). Particle filter 
is based on Bayesian theory and Monte Carlo method, and it used the particle for a random search. The 
particle is distributing in the state space on behalf of the state variable probability density function. At last 
sum the particle in weighted, and obtain the optimal estimate values. The unscented particle filtering 
(UPF) is used to estimate the state value [4]. The UPF algorithm has following steps:  
(1) Sample the state values in the initial time, the sampling particles accord with the probability 
density function distribution of the initial mean and variance. 
(2) Use the resample method for each particle in every moment. As the operation went on, the particle 
with small weight disappeared, while the one with large weight maintained, and it made the particles 
degenerated immediately. The resample method renews the weight of each particle in every operation, 
and distributes it anew as follows: 
∑
=
=
N
i
iii
1
* / ωωω                                                                                                                               (17)
Where iω is the weight after normalized, )(/)(* xxpi πω = , )(xp is the probability density function,  
)(xπ is the resample density function. The method ensure that the new independent distribution of the 
particles are produced in each update, and the particle degenerated phenomena is reduced. 
(3) Calculate the state value.  
(4) Go back to (2), calculate the next state value with the measuring value. The calculation will go on 
until the loop ends. 
3. Experiments and results 
The detector needs to stand for 5 minutes before the experiments. The coarse alignment is completed 
by the algebraic calculations mentioned in formula (3), (4) and (5). The precise alignment is completed by 
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UPF. Normal fiber gyros and quartz accelerometers are used in the experiments. The gyro’s maximum 
drift error is 3 degree/hour. The accelerator’s drift error is 0.5 mg. the sampling frequency is 100 Hz. 
The coarse alignment orientate angles is 10 degree, level angle are 0 degree. The precise alignment 
focus on the orientate angles. Figure1. (a) shows the results of UKF; Figure1. (b) shows the results of 
UPF. As can be seen from the figures, the computation time of UPF is much longer. Table 1 shows the 
results. It affirms that the accuracy of UPF is better than UKF’s. Consider that the computation is offline 
in PGC, and require no real-time process, so the UPF is more suitable than the other arithmetic. 
                      
Fig. 1.   (a) The results of UKF; (b) The results of UPF 
Table 1. The results of the experiments 
The first experiment The second experiment The third experiment Mean errors 
UKF’s results (deg) 10.410 10.699 10.232 0.168 
UPF’s results (deg) 10.302 10.287 10.499 0.091 
4. Conclusion 
The PGC initial alignment is used to calibrate the initial attitude matrix of the PGC. Use the coarse 
alignment to reduce the range of the precise alignment attitude error angles firstly, and then do the precise 
alignment. In the precise alignment, the first-order Markov process is used to delete the effect of the 
colored noise. UPF algorithm is used in the kalman filtering to resolve the non-Gaussian issue. As PGC is 
offline computing, the method is suitable for PGC. Although it costs the longer time, the experiment 
shows that the method can improve the accuracy of the initial alignment effectively.
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